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The Extended Range Guided Munition (ERGM) design philosophy focuses on in-flight
calibration of inertial measurement unit (IMU) bias errors early in the flight in anticipa-
tion of enemy jamming and possible loss of Global Positioning System (GPS) aiding in
the vicinity of the target area. To further mitigate the effects of jamming, ERGM also
employs antijam and interference cancellation features. This article assesses the perfor-
mance of a tightly-coupled GPS-aided inertial navigation system (GPS/INS) and a
conceptual active antijam system in the context of typical ERGM scenarios. A generic
model of an antenna interference cancellation system was developed to provide a means
of predicting the navigation system’s dual antenna performance in the presence of jam-
ming. Simulated performance data are presented depicting the behavior of the antijam
system with respect to jammer power, frequency, polarization, and trajectory geometry.
The interference cancellation model was also embedded in a GPS/INS navigation simula-
tion and evaluated along two representative ERGM trajectories. The analysis assumed an
early developmental ERGM configuration that differs from the final tactical design.
Results for 40- and 60-nautical mile (NM) trajectories showed that the interference
cancellation system provided good antijam immunity until very late in the trajectory in a
severe jamming environment. GPS loss of lock occurred only seconds prior to impact,
resulting in navigation system accuracies that were within desired values. These prelimi-
nary performance data suggest that the ERGM navigation system can meet system
accuracy requirements in the presence of realistic levels of continuous wave (CW) and
broadband jamming.

INTRODUCTION

GPS receivers exhibit several properties that make them potentially susceptible to interference
from external sources of noise. The GPS antenna must encompass a wide field of view to
receive signals from all satellites above the local horizon, resulting in a relatively low-gain
antenna array. In addition, GPS satellite signal power is intentionally very low; as a result,
small, man-portable jammers in the target area can have a significant impact on receiver
signal-to-noise ratio to the point that the signal acquisition and tracking can be affected. One
technique that has been used with some success to mitigate the interference effects on ground-
based satellite receiving stations is employing a dual-antenna cancellation system. Similar
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applications of noise suppression in the acoustic
arena can be found in automobile, aircraft and
helicopter cabin noise reduction via active noise
cancellation techniques.

The ERGM, presently under development by the
Navy, will incorporate an active radio frequency
(RF) antijam system to improve its immunity to
enemy jamming and thereby maintain very strin-
gent navigation accuracy requirements. The specific
characteristics of the ERGM Antijam Module are
considered proprietary, and therefore, design details
were not available for this study. The present
description represents an entirely independent but
parallel design approach, aimed at quantifying the
potential benefits of a conceptual active interference
cancellation system within the context of typical
engagement scenarios. The analysis presented here
used an early developmental version of the ERGM
airframe (and notional scenarios) not associated
with the final tactical system.

The ERGM is a 5-in-diameter, rocket-boosted, roll-
stabilized guided projectile. It incorporates a tightly-
coupled GPS/INS navigation system, which allows
precise calibration of the inertial sensors early in
flight in anticipation of intense enemy jamming in
the target area. The Naval Surface Warfare Center,
Dahlgren Division (NSWCDD) has independently
developed generic models of the antijam portion of
the system to integrate with the existing government
ERGM 6 degree-of-freedom (6-DOF) simulation.
This allows an independent assessment of naviga-
tion accuracy under a variety of jamming scenarios.
This article represents an initial performance
evaluation of a conceptual interference cancellation
system in concert with a GPS/INS navigation system
in a jamming environment.

In the following section, the fundamental proper-
ties of the RF cancellation system are discussed and
illustrated in several figures. The equations
constituting the noise cancellation algorithm are
derived, and sample results are provided. Incorpo-
ration of canceller effectiveness into the computa-
tion of equivalent GPS carrier-to-noise ratio is also
discussed. Extensions to the model are proposed
that include the case of multiple jammers at
arbitrary locations.

Next, the effectiveness of the canceller algorithm
with respect to variations in jammer frequency,
power, spectral distribution, polarization, and
projectile/jammer geometry is addressed. Naviga-
tion accuracy is examined over two representative
trajectories using a Monte Carlo navigation simula-
tion. The ability to estimate and correct large initial
alignment errors and IMU errors is evaluated.
Terminal navigation accuracy expressed as 1-σ
downrange and cross-range position errors at the
target is determined. Particular attention is focused
on the jamming immunity provided by the GPS
antijam feature and the associated benefit to termi-
nal navigation accuracy in the vicinity of the target.

INTERFERENCE CANCELLER ALGORITHM

Principle of Operation

In the dual-antenna cancellation system, a second
antenna receives a scaled version of the unwanted
jamming signal that is present at the primary or
signal antenna. The canceller circuitry rescales and
inverts the signal present in this secondary path to
create an antinoise signal. This signal is added to the
primary signal path where the noise and antinoise
signals ideally cancel, leaving only the desired signal.
On the ERGM projectile, the primary signal path is
through a patch antenna mounted on the top of the
roll-stabilized projectile oriented towards the
satellites. The secondary path is through an identical
patch mounted on the underside of the projectile.
For the remainder of this article, the top antenna
and associated components are referred to as the
signal antenna or path, denoted by the subscript S,
and the bottom antenna and its components as the
jammer antenna or path, denoted by the subscript J.

A simplified diagram of a generic noise cancellation
system is shown in Figure 1. P

J
 represents the

jamming power incident on the two antenna
patches. The complex gains G

S
 and G

J
 represent the

gains associated with the signal and jammer paths,
respectively, including the antenna, filtering, and
preamplification. The frequency-dependent gains G

S

and G
J
 are derived experimentally and determine

the power admitted to each signal path. G
C
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represents the complex gain of the canceller circuit,
which is to be computed in such a way as to mini-
mize the transmission of jammer power, P

J
, to the

signal path. The signal powers from the signal path
and canceller output are combined using linear
superposition at the summation symbol. The power
detection element is used to provide feedback to the
canceller so that it can adjust G

C
 in order to mini-

mize the power in the detector. The jammer power
transmitted through the signal path is given by P

J
G

S
,

while the jammer power transmitted through the
canceller is P

J
G

J
G

C
. Perfect cancellation occurs when

( ) ( ) 0GGPGP CJJSJ =+ (1)

or equivalently

J

S
C G

G
G −= (2)

Equation (2) represents the design philosophy used
to compute the complex interference canceller gain
G

C
.
 
If all of the jammer power were concentrated at

the GPS L
1
 frequency, then Equation (2) would

predict perfect cancellation of the unwanted signal.
It is more likely that jammer power will be distrib-
uted over a range of frequencies, centered at L

1
,

similar to the spread spectrum GPS signals them-
selves. In this case, perfect interference cancellation
is not likely, but G

C
 may still be chosen so as to

minimize the average jammer power transmission
when summed over all frequencies.

Canceller Effectiveness

The canceller effectiveness E
c
 is defined as the ratio

of jammer signal power into the summation
junction divided by the residual unwanted signal
power coming out of the summation junction and
sent to the GPS receiver. In the above simplified
case, the canceller effectiveness is infinite, since the
power out of the junction was zero. To account for
the spread-spectrum nature of the signals involved,
the generic interference canceller diagram is
modified as shown in Figure 2, where the input and
transfer functions are functions of frequency, f

i
.

P
J
(f

i
) denotes the jammer power in the ith frequency

bin, and G
S
(f

i
) and G

J
(f

i
) are the complex gains

corresponding to the ith frequency. Also note that
there is now a bandpass filter centered at f

C
. This

bandpass filter represents the frequency-selective
nature of the canceller. The canceller components
that vary over frequency cannot be expected to vary
in the same manner in both signal paths due to
manufacturing differences and differences in the
look angles through the signal and jammer
antennas. This is the primary reason why
cancellation of a CW tone is easier to achieve than
cancellation of a broadband jammer. The perfect
cancellation solution that is achievable at some
discrete frequency is not possible when jammer
power is distributed over frequency. Note that in
Figure 2 the canceller solution G

C
 is not a function

of frequency. The bandpass filter before the power
detector illustrates how the canceller will create an
optimal nulling at that discrete cancellation
frequency f

C
.

Figure 1—GPS Interference Canceller
Conceptual Diagram

Figure 2—Interference Canceller Schematic Diagram
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As before, we have
( )
( )CJ

CS
C

fG

fG
G −= , and the effec-

tiveness at f
C
 is infinite. The effectiveness E

c
 at

frequencies other than f
C
 is given by:

( )CiJiSiJ

iSiJ
iC G)f(G)f(G)f(P

)f(G)f(P
)(fE

+
= (3)

Substituting for G
C
 yields:

( ) ( )
( ) ( ) ( )

( )





−

=

CJ

CS
iJiS

iS
iC

fG

fG
fGfG

fG
fE

(4)

The effectiveness over the frequency range of
interest is the total power into the summation
junction divided by the total power out.

( ) ( )
( ) ( ) ( ) CiJiSiJ

iSiJ
C

GfGfGfP

fGfP
E

+
=

∑
∑

(5)

Canceller Center Frequency

The bandpass filter in the block diagram of Figure 2,
is centered at some frequency f

C
. This filter illus-

trates that the cancellation effect is optimized at a
particular frequency. In this model, the frequency
for maximum cancellation corresponds to the
frequency where the input power is concentrated. If
the jammer power is allowed to vary with frequency,
then P

J
(f

i
) will represent the power density versus

frequency. The center frequency selected by the
model corresponds to the centroid of this power
over the band and is given by Equation (6). Note
that this returns a frequency step (or bin) and not
an actual frequency value.

( )
( )∑

∑ ⋅
=

iJ

iJ
c

fP

ifP
i (6)

The canceller model considers twenty 1-MHz, wide-
frequency bins, which represent the GPS P(Y) code
spectrum. The bin centers are at 1566, 1567, 1568,
…1585 MHz, corresponding to the frequencies at
which antenna measurements were taken. The range

of the input frequency space is defined as 1565.5 MHz
to 1585.5 MHz. Any signals outside this range are
considered outside the passband of the system.

ERGM must operate in the presence of both CW
and broadband jammers. In this article, two power
density functions representing two possible broad-
band modulation techniques are considered:  a
uniform power distribution and a sinc2 distribution
that matches the shape of the radiated GPS spec-
trum. The sinc function is defined as:
sinc(x)=sin(πx)/πx. For the uniform density, the
power per bin is P

BB
/20, where P

BB
 is the total

broadband power at the antenna. For the sinc2

power density, the power per bin is given by:

∑
=

=
19

0i
i

iBB
iJ

W

WP
)(fP

(7)

where the weights are defined as

( )

( )
19,.....1,0i,

5.9i
10

5.9i
10

sin
W

2

i =


















−⋅






 −⋅

= π

π

(8)

Note that the total power is the same for the uni-
form and sinc2 modulations.

Antenna Characteristics

Antenna data were taken at various azimuth and
elevation angles on a set of five representative patch
antennas in twenty 1-MHz steps around the GPS
center frequency. The elevation angles were chosen
to create angle pairs, so that the lines of sight from
the top and bottom antennas toward a jammer
location would appear as seen in Figure 3. The
angles measured were 45, 60, 75, 90, 105, 120, and
135 degrees, measured from a line normal to the
projectile axis. Note in the elevation view of Figure 3
that the angle for the top antenna (G

S
) is always

equal to 180° minus the angle for the lower antenna
(G

J
). The angle pairs from the measured data are

45°–135°, 60°–120°, 75°–105°, and 90°–90°.
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Interference Cancellation System Integration

In the NSWCDD system model, the calculation of
carrier-to-noise power ratio (C/N

o
) for a satellite in

the presence of a jammer is a three-step process:1

1. Calculate the jammer-to-signal power ratio
(J/S) based on geometry, jammer power,
polarization, and antenna gain,

2. Calculate the carrier-to-noise ratio C/N
o
 for

each satellite based on the antenna gain and
receiver noise characteristics,

3. Calculate the effective C/N
o
 based on the C/N

o

and J/S.

Jammer immunity is derived from both the cancel-
ler and the ratio of the antenna gains toward the
satellite and jammer. When considering the effect of
the canceller on the GPS signal path, the model
incorporates a canceller noise floor that can domi-
nate the GPS signal. For simplicity, the present
model assumes that the canceller circuitry increases
the receiver noise floor from 4 to 7 dB when the
circuit is active.

One can combine the canceller model with the C/N
o

calculation by first calculating the lines-of-sight to
the jammers and satellites. The canceller effective-
ness module is then used to calculate the interfer-
ence cancellation for a given jammer look angle.

Figure 3—GPS Interference Cancellation System
Antenna Geometry

When both CW and broadband jammers are
considered simultaneously, jammer-to-signal power
ratio, J/S, associated with each type of jammer is
calculated independently, based upon both CW and
broadband effectiveness according to:

( ) ( )

( )

( ) ( )

( ) BBSSS0

JJS

CWSSS0

JJS

Eel,azGSR
c

4
log20

el,azGPlog10
S

J

Eel,azGSR
c

4
log20

el,azGPlog10
S

J

−−−




−

+=

−−−
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f

f

BB

BBBB
BB

CW

CWCW
CW

π

π

(9)
where

J
CW 

/S = CW jammer to signal power ratio
(dB)

R
CW

= range to CW jammer (m)

J
BB

/S = broadband jammer to signal power
ratio (dB)

R
BB

= range to broadband jammer (m)

c = speed of light (m/s)

f = carrier frequency (Hz) (L
1
 or L

2
)

S
0

= received GPS signal strength at
antenna (dBw)

G
S
(az

J 
, el

J
) = gain of top antenna towards jammer

(dBi)

G
S
(az

S 
, el

S
) = gain of top antenna towards satellite

(dBi)

P
CW

= CW jammer EIRP (watts)

P
BB

= broadband jammer EIRP (watts)

E
CW

= canceller CW effectiveness (dB)

E
BB

= canceller broadband effectiveness
(dB)

Note all powers are referenced to the antenna and
include the appropriate attenuations over the
transmitted path lengths. The carrier-to-noise ratio,
C/N

o
, is computed for each satellite by Reference 1:

( ) LN)log(kT10el,azGS
N

C
f0SSS0

0

−−−+= (10)
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where

10log(k@T
0
) = thermal noise density (dBw-Hz)

L = implementation loss (dBw)
N

f
= noise figure (4 dB if canceller is off,

7 dB if canceller is on)

The equivalent C/N
0
 is computed as:

CBB

BB

CCW

CW

0

eq0

RQ
SJ

RQ

/SJ

NC
1

1

N

C

++
=






(11)

where Q is the spread-spectrum processing gain
adjustment factor determined by the type of jam-
mer scenario modeled:

Q
CW

= 1.0 ( narrowband or CW jammer )
Q

BB
= 1.5 ( broadband uniform jammer )

Q
BB

= 2.0 ( broadband sinc2 noise jammer )

and R
C
 is the GPS PRN code chipping rate (chips/sec).

Multiple Jammer Sources

The case of multiple jammers may be treated as
shown in the diagram of Figure 4. Let the jammer
power be denoted by P

Jk
, where k=1, 2, …n. Let G

SJk

be the signal path complex gain associated with the
kth jammer input, and G

JJk
 be the jammer path

complex gain for that input. As before, the gains G
S

and G
J
 will depend on the antenna response over

frequency in the direction of the jammer. The center
frequency calculation for the bandpass filter must
take into account all the power entering into the
jammer path from all jammer sources. Again, note
that the result is in terms of bin number and not
actual frequency.

∑
∑

∑
=

=

=



















=
n

1k
20

1i
ikJJiJk

20

1i
ikJJiJk

c

)(fG)(fP

i)(fG)(fP

i
(12)

The complex, interference-canceller gain to yield
optimal nulling is calculated at the frequency
corresponding to the calculated centroid bin

( ) ( )
( ) ( )CkJJCJk

CkSJCJk
C

fGfP

fGfP
G

∑
∑−= (13)

This is the canceller complex gain that cancels out
the composite signal due to all jammers at the
centroid frequency. It is the same complex gain that
is applied to each jammer independently at each
frequency. Therefore, the canceller effectiveness for
the kth jammer is given by:

∑
∑

+
=

CikJJikSJiJk

ikSJiJk
k

G)(fG)(fG)(fP

)(fG)(fP
E (14)

This per jammer effectiveness is used in the calcula-
tion of C/N

o
 as before, except that J/S becomes

J
k
/S—the effect of the kth jammer—and the J/S in

the effective C/N
o 
calculation would be replaced

with J
TOTAL

/S.

Gain and Phase Tracking

A fundamental factor in the effectiveness of the
interference cancellation technique is the gain and
phase tracking characteristics of the antenna pair.
The gain and phase of the two antennas toward the
source need not be equal. Recall that the canceller
circuit adjusts to account for differences at theFigure 4—Treatment of Multiple Jammers
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frequency of maximum cancellation. However, the
gain and phase variation of the two antennas with
frequency (expressed as dB/MHz or deg/MHz) must
be similar, within a specified tolerance. For instance,
if the gain and/or phase increases on the jammer
antenna, then the gain and/or phase on the signal
antenna must change by the same amount, or a
degradation in the effectiveness will occur. One goal
of this modeling effort is to provide a tool for
evaluating canceller performance for variations in
antenna gain and phase tracking.

CANCELLER AND NAVIGATION SYSTEM

PERFORMANCE EVALUATION

Canceller Static Effectiveness Evaluation

Following the development of the interference
cancellation model, calculations of canceller effec-
tiveness were made to assess its antijam performance
divorced from navigation system issues. Canceller
effectiveness is primarily a function of jammer
frequency, power distribution, antenna gain, and
jammer polarization. Jammer power and distribution
were modeled for both CW and broadband jammers.
Jammer power spectral density was also varied, such
that perfect cancellation of the CW jammer was not
realized except for highly idealized cases.

The antenna data used in the evaluation were
collected as vertical and horizontal polarization
complex gains. This allows the response to any
linear or circular polarized signal to be synthesized
by combining the vertical and horizontal responses.
Variations in antenna gain with frequency and
elevation angle for a right-hand, circularly-polarized
(RHCP) signal are shown in Figure 5. Note that
elevation angle here refers to the angle between the
projectile-jammer line of sight and the projectile
z-axis as shown in Figure 3.

It is important to note that the system antijam
performance is not determined by the canceller
alone. At any given elevation angle, the total system
effectiveness is influenced by both the canceller
effectiveness, E

C
, and by the ratio of the gain of the

top antenna toward the satellite to the gain of the

top antenna toward the jammer. The latter is referred
to as the shadowing factor or shadowing effectiveness,
E

S
, and arises from body masking and the natural

directional nature of the upper antenna patch.

Refer to the diagram in Figure 6, and define the
effective J/S ratio as the residual jammer power out
of the canceller circuit divided by the GPS power in
the main signal path:

SSS
EFF

GP

P
(J/S) ε= (15)

Figure 5—RHCP Antenna Gain vs. Frequency

Figure 6—Cancellation System Interaction with GPS
Signal Path
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The canceller effectiveness, E
C,

 is defined by the
equation:

ε
=

P

GP
E SJJ

C (16)

Note when the cancellation is perfect, Pεεεεε is zero and
E

C
 is infinite. The shadowing factor, E

S,
 is defined as:

SJ

SS
S G

G
E = (17)

Substituting Equations (16) and (17) into (15) gives:

SCS

J
EFF EEP

P
(J/S) = (18)

Now define total system antijam effectiveness, E
T,
 as:

SCT EEE = (19)

Substituting (19) into (18), and letting P
J
/P

S
 =

(J/S)
NOM

 gives:

T

NOM
EFF E

(J/S)
(J/S) = (20)

The results in Equations (19) and (20) illustrate two
important features of the antijam system. First, total
effectiveness is the direct combination of canceller

and shadowing effectiveness. Second, the nominal
J/S is directly reduced by E

T
 to give the effective

system J/S.

Figures 7 and 8 display typical canceller broadband
effectiveness and shadowing for a sinc2 broadband
jammer. At the elevation angles where the canceller
performance is predicted to be low, the shadowing
effect is seen to be high, yielding a more uniform
total system effectiveness variation with elevation
angle. In addition to elevation angle, signal polar-
ization can have a significant effect on canceller
total effectiveness as shown in Figure 8. Here
canceller broadband effectiveness is displayed for
several assumed jammer polarizations, and the
resulting variations in effectiveness are seen to be as
large as 10–15 dB.

Canceller System Level Evaluation

Since ERGM is still in the early stages of develop-
ment, a number of design and operational issues
relating to navigation system performance are
currently being addressed. Therefore, a 6-DOF flight
simulation was developed by NSWCDD to examine
aerodynamics, guidance, and control issues. In
addition, a Monte Carlo navigation simulation2, 3

was developed to evaluate the performance of the
GPS-aided navigation system. The 6-DOF model

Figure 7—Canceller Effectiveness and Shadowing for
RHCP Sinc2 Broadband Jammer

Figure 8—System Total Effectiveness for Various
Jammer Polarizations
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was used to compute trajectory and IMU data along
two notional ERGM trajectories4 of 40- and 60-NM
range shown in Figure 9. The trajectories were
generated using an initial velocity of 2790 ft/s, with
airframe roll control established at 3.0 s into the
flight with two canards deployed. Table 1 contains
ERGM trajectory descriptive data, and Table 2
contains GPS/INS system errors for the study.

True position, velocity, attitude, accelerometer, and
gyro data were recorded along the two trajectories.
The generic antijam canceller algorithm and naviga-
tion system performance were evaluated under
conditions similar to those assumed in previous
studies.4 Statistical results are based upon 50-sample
Monte Carlo sets. Each random sample is created by
corrupting perfect IMU measurements with IMU
errors taken from normal distributions associated
with Table 2. Acquisition of the GPS signal is
assumed when the equivalent carrier to noise ratio
(C/N

o
)

eq
 is above 30 dB. Once acquired, it is further

assumed that the GPS receiver maintains carrier
phase track (State 5) so long as the (C/N

o
)

eq
 is above

25 dB, while code tracking (State 3) is assumed
when (C/N

o
)

eq
 remains above 16 dB.

The benefits derived from the active interference
cancellation system are clearly demonstrated in Fig-
ures 10–19. When active interference cancellation is
not used, the resulting (C/N

o
)

eq
 and total (J/S) envi-

ronment are as shown in Figures 10 and 11 for the
40-NM trajectory, and Figures 15 and 16 for the
60-NM trajectory. These calculations assume a
1-kW CW jammer and a 100-W sinc2 broadband
jammer collocated at the target, with the CW power
concentrated in the center of the band at
1575.5 MHz. GPS acquisition is allowed after 8 s,
and where possible, tracking is maintained on up to
eight active channels. Without active interference
cancellation, these results indicate that GPS acquisi-
tion is very unlikely for both 40- and 60-NM trajec-
tories, with all channels never exceeding the acquisi-
tion threshold of 30 dB. However, when active
interference cancellation is used, all channels acquire
and maintain track until very late in both trajecto-
ries, as seen in Figures 12 and 17 for the 40- and

Table 2—Initial INS Errors

NNNNNAAAAAVVVVVIIIIIGGGGGAAAAATTTTTIIIIIOOOOONNNNN SSSSSYYYYYSSSSSTTTTTEEEEEMMMMM EEEEERRRRRRRRRROOOOORRRRR -3-3-3-3-3 FFFFF VVVVVAAAAALLLLLUUUUUEEEEE

)X(lloR )X(lloR )X(lloR )X(lloR )X(lloR )Y(hctiP )Y(hctiP )Y(hctiP )Y(hctiP )Y(hctiP )Z(waY )Z(waY )Z(waY )Z(waY )Z(waY

)m(rorrEnoitisoPlaitinI 001 001 001

)ces/m(rorrEyticoleVlaitinI 01 01 01

)ged(rorrEedutittAlaitinI 02 3 3

)rh/ged(tfirDoryG 05 05 05

)mpp(rotcaFelacSoryG 000,01 000,01 000,01

)rh-tr/ged(klaWmodnaRoryG 3.0 3.0 3.0

)darm(tnemngilasiMoryG 5.0 5.0 5.0

)gm(saiBretemoreleccA 01 01 01

)mpp(rotcaFelacSretemoreleccA 007 007 007

)gm(esioNretemoreleccA 78.1 78.1 78.1

)darm(tnemngilasiMretemoreleccA 523.0 523.0 523.0

Table 1—ERGM Trajectory Characteristics

egnaR egnaR egnaR egnaR egnaR
)MN( )MN( )MN( )MN( )MN(

)ged(EQ )ged(EQ )ged(EQ )ged(EQ )ged(EQ (((((
FFFFF

)ged( )ged( )ged( )ged( )ged(
ecnadiuG ecnadiuG ecnadiuG ecnadiuG ecnadiuG

)s(etavitcA )s(etavitcA )s(etavitcA )s(etavitcA )s(etavitcA
)s(thgilFfoemiT )s(thgilFfoemiT )s(thgilFfoemiT )s(thgilFfoemiT )s(thgilFfoemiT

04 06 07- )eegopa(55.47 25.102

06 06 03- )eegopa(55.47 25.283

Figure 9—Notional Flyout Trajectories
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Figure 10—(C/N
o
)

eq
 Without Interference Cancellation:

40-NM Trajectory
Figure 11—Total (J/S) Without Interference

Cancellation:  40-NM Trajectory

Figure 12—(C/N
o
)

eq
 With Active Interference

Cancellation:  40-NM Trajectory
Figure 13—Total (J/S) With Active Interference

Cancellation:  40-NM Trajectory

Figure14—Antenna Elevation and Canceller
Effectiveness:  40-NM Trajectory

Figure 15—(C/N
o
)

eq
 Without Active Interference

Cancellation:  60-NM Trajectory
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60-NM trajectories, respectively. Canceller perfor-
mance is further evidenced by the effectiveness plots
of Figures 14 and 19, where the CW jamming is
shown to be virtually removed (E

CW 
= 70 dB), and

the broadband effectiveness remains in excess of
20 dB for a considerable portion of the flight. The
correlation of effectiveness with elevation angle is
also shown in these figures.

To further evaluate the robustness of the inter-
ference cancellation technique, calculations were
also made simulating a 10-kW CW jammer and a
100-W broadband jammer with a sinc2 power
distribution. Figure 20 shows results when the
jammer CW frequency is placed at the center of the

Figure 18—Total (J/S) With Active Interference
Cancellation:  60-NM Trajectory

Figure 16—Total (J/S) Without Active Interference
Cancellation:  60-NM Trajectory

Figure 17—(C/N
o
)

eq
 With Active Interference

Cancellation:  60-NM Trajectory

Figure 19—Antenna Elevation and Canceller
Effectiveness:  60-NM Trajectory

passband (1575.5 MHz). In Figure 21, the CW
frequency was placed at the extreme lower edge of
the canceller passband (1565.5 MHz). This situation
simulates a somewhat unfavorable condition in that
the power spectral averaging employed by the
canceller allows the maximum amount of jammer
power into the signal path. The (C/N

o
)

eq
 for all eight

channels was plotted along the 40-NM trajectory
together with the assumed thresholds for acquisition
and for code and carrier phase tracking. Even in the
more severe case of Figure 21, the computed
(C/N

o
)

eq
 is seen to remain well above the acquisition

threshold of 30 dB for most of the trajectory. State 5
carrier phase tracking is maintained on seven active
channels until 8 s before impact, while State 3 code
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tracking is maintained on eight channels until 3 s
before impact.

Monte Carlo Navigation Performance Evaluation

In order to assess the ability of the navigation
system to perform in a countermeasures environ-
ment, a detailed model of the GPS/INS described in
Reference 4 was used in combination with the
interference cancellation model. Monte Carlo
navigation simulations were run using the INS
initialization and instrument errors shown in
Table 2, and the 600 Hz IMU data generated by the
NSWCDD 6-DOF simulation. Statistical navigation
performance data along the 40-NM, medium-range
trajectory were based upon 50 Monte Carlo replica-
tions, with all input navigation system errors
normally distributed. While eight satellites were
tracked throughout the flight, only six channels were
used for INS aiding. The resulting GPS dilution of
precision at the time of launch was calculated to be
2.9. The time of launch in relation to the GPS week
was not randomly chosen, but was held constant at
the beginning of week 848.

Figures 22–30 show typical behavior of the GPS-
aided navigation system and the benefits derived
from the active interference cancellation when
operating in a severe jamming environment.
Simulated conditions included the combined

jamming of a 10-kW CW jammer operating at
1565.5 MHz (band edge) and a 100-W broadband
sinc2 jammer, both collocated at the target. Plotted
in the figures are the mean error, and the mean
± 1 standard deviation (σ), computed for the
50 trajectory ensemble. Under these severe jamming
conditions, the active interference cancellation
system allows fast GPS acquisition and uninter-
rupted GPS aiding for virtually the entire trajectory,
with loss of code tracking occurring approximately
3 s prior to impact. This results in excellent
navigation system accuracy, where the maximum
position error is below 3 m and the maximum

Figure 20—(C/N
o
)

eq
 With Active Interference Cancella-

tion:  CW Frequency @ 1575.5 MHz
Figure 21—(C/N

o
)

eq
 With Active Interference Cancella-

tion:  CW Frequency @ 1565.5 MHz

Figure 22—Roll Attitude Error - 40-NM Trajectory,
10 kW CW & 100-W Broadband Jammer
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Figure 24—Azimuthal Attitude Error:  40-NM Trajectory,
10 kW CW & 100-W Broadband Jammer

Figure 23—Pitch Attitude Error:  40-NM Trajectory,
10 kW CW & 100-W Broadband Jammer

Figure 25—Roll Accelerometer Bias:  40-NM Trajectory,
10 kW CW & 100-W Broadband Jammer

Figure 26—Yaw Accelerometer Bias:  40-NM Trajectory,
10 kW CW & 100-W Broadband Jammer

Figure 28—Roll Gyro Drift:  40-NM Trajectory, 10 kW CW
& 100-W Broadband Jammer

Figure 27—Pitch Accelerometer Bias Error:  40-NM
Trajectory, 10 kW CW & 100-W Broad-
band Jammer
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velocity error is less than 1 m/s along the
downrange, cross-range, and vertical axes.

Other navigation system errors were similarly
reduced. Projectile attitude errors, shown in Fig-
ures 22–24, are slow to converge until near apogee,
where the projectile glide sequence is activated, and
the attitude error estimates respond to the applied
1-G specific force. The roll, pitch, and yaw errors are
reduced dramatically from the large initial values
shown in Table 2. Projectile attitude errors are more
difficult to estimate because they are not directly
measurable but are inferred from multiple observa-
tions through the use of a Kalman navigation filter.
Based on the limited Monte Carlo sample, the
navigation filter reduces 1-σ roll and pitch errors to
less than 5 mrad just before impact, while the 1-σ
yaw attitude error (least observable) is reduced to
less than 10 mrad.

 The ability of the filter to calibrate the inertial
instruments during GPS/INS aiding is demonstrated
by the data of Figures 25–30, where the residual
accelerometer bias and gyro drift errors are shown
along the 40-NM trajectory. Figures 25–27 show
that the 1-σ accelerometer bias errors are reduced to
less than 2 milli-G’s just before impact. Gyro drift
errors were found to be somewhat less observable as
indicated by the data in Figures 28–30. Despite this

reduced observability, the data show that the 1-σ
pitch, yaw, and roll gyro drifts were reduced to less
than 10 deg/hr just prior to GPS loss of lock.

SUMMARY

A generic, Navy-derived interference cancellation
algorithm was developed and integrated into an
existing GPS/INS navigation simulation. These were
then used with a 6-DOF simulation of an early
developmental ERGM configuration to evaluate
system antijam performance. Several representative
trajectories in various jamming environments were
analyzed for both CW and broadband jammers.
Canceller effectiveness and its sensitivity to jammer
power, frequency, spectral distribution, polarization,
and trajectory geometry were determined. The
antijam immunity made possible by the use of the
canceller greatly enhanced the ability of the
GPS/INS navigator to remove IMU and navigation
errors during flight. For the notional ERGM trajec-
tories and jamming scenarios studied in this article,
GPS/INS performance was found to be quite
satisfactory when the interference canceller was
operating. Without the canceller, GPS acquisition
was inhibited, and navigation performance was
severely degraded. The results of this study are
preliminary, and will be refined as new information

Figure 29—Pitch Gyro Drift:  40-NMTrajectory, 10 kW
CW & 100-W Broadband Jammer

Figure 30—Yaw Gyro Drift:  40-NM Trajectory, 10 kW CW
& 100-W Broadband Jammer
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becomes available. Continued validation of the
cancellation system model using hardware and
experimental data is essential to gaining confidence
in model predictions.
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